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Aging and many illnesses and injuries impair skeletal muscle mass and function, but the molecular
mechanisms are not well understood. To better understand the mechanisms, we generated and
studied transgenic mice with skeletal muscle-specific expression of growth arrest and DNA damage
inducible a (GADD45A), a signaling protein whose expression in skeletal muscle rises during

aging and a wide range of illnesses and injuries. We found that GADD45A induced several cellular
changes that are characteristic of skeletal muscle atrophy, including a reduction in skeletal muscle
mitochondria and oxidative capacity, selective atrophy of glycolytic muscle fibers, and paradoxical
expression of oxidative myosin heavy chains despite mitochondrial loss. These cellular changes
were at least partly mediated by MAP kinase kinase kinase 4, a protein kinase that is directly
activated by GADD45A. By inducing these changes, GADD45A decreased the mass of muscles

that are enriched in glycolytic fibers, and it impaired strength, specific force, and endurance
exercise capacity. Furthermore, as predicted by data from mouse models, we found that GADD45A
expression in skeletal muscle was associated with muscle weakness in humans. Collectively, these
findings identify GADD45A as a mediator of mitochondrial loss, atrophy, and weakness in mouse
skeletal muscle and a potential target for muscle weakness in humans.

Introduction

Skeletal muscle atrophy can be a debilitating consequence of advanced age, malnutrition, muscle dis-
use, and any severe illness or injury. It touches all areas of medicine and affects most people at some
point in their lives. Common and serious effects of muscle atrophy include weakness, fatigue, reduced
activity, impaired recovery from illness or injury, frailty, falls, and loss of independent living. Further-
more, by limiting activity, muscle atrophy can be a feed-forward process toward more pronounced
muscle loss and functional deficits.

The molecular mechanisms of skeletal muscle atrophy are complex, context dependent, and still
not well understood (1-4). Over the past several years, we have investigated the role of activating tran-
scription factor 4 (ATF4), a stress-inducible transcription regulator in the basic leucine zipper (bZIP)
superfamily (4). Many conditions that cause muscle atrophy increase ATF4 expression in skeletal mus-
cle (4-6), and a targeted reduction of ATF4 in skeletal muscle fibers reduces muscle atrophy during
starvation, immobilization, and aging (6-9). ATF4 promotes muscle atrophy by forming a heterodimer
with the liver-enriched activator protein isoform of CCAAT enhancer binding protein 3 (C/EBPp),
another bZIP transcription regulator (10).

In skeletal muscle fibers, the ATF4-C/EBPp heterodimer activates several genes, including Gadd45a
(encoding growth arrest and DNA damage inducible o) (7). The Gadd45a gene is weakly expressed in
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young, healthy skeletal muscle fibers but strongly induced during muscle atrophy (4, 6, 7, 11-23). The
ATF4-C/EBPp heterodimer activates the Gadd45a gene in skeletal muscle fibers by binding an ATF4-C/
EBP response element that is 100% conserved across all available mammalian genomes, including mice
and humans (7). In addition to the ATF4-C/EBPp heterodimer, other pro-atrophy transcription regulators
also contribute to Gadd45a gene expression during skeletal muscle atrophy, including FOXO1, FOXO3,
FOXO4, and HDACH4 (18, 21). Although many stress conditions induce Gadd45a expression in skeletal
muscle, the degree of induction is context dependent; for example, the level of Gadd45a mRNA in skeletal
muscle generally rises by 2- to 6-fold during relatively mild stress conditions such as immobilization, fast-
ing, and aging (6, 11-13, 19-21) and by 20- to 60-fold during more severe stresses such as critical illness and
muscle denervation (4, 21-23).

Induction of the Gadd45a gene increases expression of GADDA45A, an 18 kDa globular protein (10). In
mouse tibialis anterior (TA) muscle, forced expression of GADDA45A is sufficient to induce muscle fiber atro-
phy (7). Conversely, RNAi-mediated knockdown of Gadd45a in mouse TA muscle reduces muscle fiber atro-
phy during several acute stress conditions, including fasting, limb immobilization, and ATF4 overexpression
(7). In skeletal muscle fibers, GADD45A interacts with a group of signaling molecules that includes MEKK4,
a member of the MAP kinase kinase kinase family (24). MEKK4 lacks protein kinase activity in the absence
of GADDA45A, but it undergoes a conformational change and becomes active upon GADDA45A binding (24).
Furthermore, MEKK4 kinase activity is essential for GADD45A-mediated muscle fiber atrophy (24).

Previous studies identified biochemical mechanisms upstream and downstream of GADD45A in skel-
etal muscle fibers, and they indicated that GADD45A has a capacity to induce muscle fiber atrophy in
the TA muscle, a small muscle in the anterolateral lower leg. However, it remained unknown whether
GADDA45A had similar effects on other skeletal muscles and whether GADDA45A is sufficient to generate
functional deficits that are characteristic of muscle atrophy. In the current study, we sought to resolve these
questions by generating and investigating transgenic mice with increased expression of GADDA45A in a
broad range of skeletal muscles.

Results

GADD45A4 expression in skeletal muscle fibers reduces muscle mass, strength, specific force, and exercise capacity. To better
understand the consequences of GADD45A expression in skeletal muscle fibers, we generated skeletal muscle—
specific GADD45A-transgenic mice (GADD45A-mTg mice) (Figure 1A). We generated these mice by inserting
a transgene containing a skeletal muscle fiber—specific promoter (human ACTA1 [HSA] promoter), a Lox-STOP-
Lox cassette, and mouse Gadd45a cDNA (Figure 1A) into the mouse ROSA26 locus, then crossing homozygous
HSA-Lox-STOP-Lox-Gadd45a mice to heterozygous HSA-MerCreMer mice, which express a tamoxifen-inducible
Cre recombinase construct (MerCreMer) under control of the HSA promoter (25).

We employed HSA-MerCreMer mice based on their capacity to excise floxed alleles in an inducible and
skeletal muscle—specific manner (25). Unexpectedly, we found that HSA4-MerCreMer excised the Lox-STOP-Lox
cassette in a tamoxifen-independent manner. Thus, in the absence of tamoxifen treatment, skeletal muscles
of GADD45A-mTg mice contained an increased level of Gadd45a mRNA (Figure 1B) and 7-fold increased
GADDA45A protein expression (Figure 1C). Tamoxifen-independent Gadd45a mRNA expression was detect-
able by 4 weeks of age and plateaued by 6 weeks of age (Figure 1D). The degree to which Gadd45a mRNA
was increased in GADD45A-mTg muscles was in the range observed in severe stress conditions, such as
critical illness and muscle denervation, and higher than observed in more mild stress conditions, such as
immobilization, fasting, and aging. Following tamoxifen-independent expression of the GADD45A trans-
gene, GADDA45A remained a minor component of the overall skeletal muscle proteome, representing 0.004%
of total protein detected by mass spectrometry (Figure 1E).

Importantly, although excision of the Lox-STOP-Lox cassette was tamoxifen independent, it remained
dependent on the presence of MerCreMer (Figure 1, B-E) and was skeletal muscle specific (Figure 1, B
and D). Therefore, in all of our studies, GADD45A-mTg mice were compared with littermate control mice
(which possessed the HSA-Lox-STOP-Lox-Gadd45a transgene but lacked the HSA-MerCreMer transgene),
and no mice were treated with tamoxifen.

Relative to control littermates, GADD45A-mTg mice exhibited no changes in survival, body weight, or
weights of heart, liver, or fat pads to at least 17 months of age, the oldest age we investigated in this study
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.171772DS1; and not shown). However, in both female and male GADD45A-mTg mice, several
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Figure 1. Transgenic mice with constitutive expression of GADD45A in skeletal muscle. (A) Schematic illustration
of skeletal muscle-specific GADD45A-transgenic mice (GADD45A-mTg mice), which express a mouse Gadd45a cDNA
under control of the skeletal muscle-specific (human ACTAT[HSA]) promoter. In GADD45A-mTg mice, a skeletal
muscle-specific Cre recombinase transgene (HSA-MerCreMer) excises a Lox-STOP-Lox cassette upstream of the
Gadd45a cDNA. In our studies of GADD45A-mTg mice, the control mice were littermates who lacked the HSA-Mer-
CreMer transgene and thus retained the Lox-STOP-Lox cassette. (B) Heart, kidney, liver, soleus, triceps brachii (Tri-
ceps), and quadriceps femoris (Quad.) were collected from 15-month-old male littermate control and GADD45A-mTg
mice, then subjected to quantitative PCR (gPCR) analysis of Gadd45a mRNA. Each circle represents the value from 1
animal, and bars indicate mean values. (C) Protein from quadriceps muscles of 15-month-old male littermate control
(Ctrl) and GADD45A-mTg mice was subjected to tandem mass tag (TMT) labeling and mass spectrometry, followed
by quantification of the relative abundance of GADD45A protein. Each circle represents the value from 1animal, and
bars indicate mean values. (D) Quadriceps and kidneys were harvested from littermate control and GADD45A-mTg
mice at 2, 4, 6, and 8 weeks of age, then subjected to qPCR analysis of Gadd45a mRNA. Data are means + SD from
2-3 control mice and 3-4 GADD45A-mTg mice per time point. Some error bars are too small to see. (E) Fractional
abundance and rank order of all detected proteins, including GADD45A, in quadriceps muscle of 15-month-old male
littermate control and GADD45A-mTg mice, as assessed by TMT-mass spectrometry.
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Figure 2. GADD45A expression in skeletal muscle reduces skeletal muscle mass and skeletal muscle function. (A and B) Grip strength in 15-month-old
male (A) and 17-month-old female (B) littermate control and GADD45A-mTg mice. (C and D) Wet weights of bilateral quadriceps (Quad.), gastrocnemius
(Gastroc.), triceps brachii (Triceps), tibialis anterior (TA), and soleus muscles in 15-month-old male (C) and 17-month-old female (D) littermate control and
GADD45A-mTg mice. (E) Maximal treadmill running distance in 15-month-old male littermate control and GADD45A-mTg mice. (F) Ex vivo specific force
in the extensor digitorum longus muscles of 15-month-old male littermate control and GADD45A-mTg mice. (A-F) Each circle represents the value from 1
animal, and horizontal bars indicate mean values. P values were determined with unpaired 2-tailed t tests.

skeletal muscle phenotypes were apparent. First, female and male GADD45A-mTg mice tended to be weak-
er than their control littermates (Figure 2, A and B). Second, female and male GADD45A-mTg mice had
significantly smaller quadriceps femoris, triceps brachii, gastrocnemius, and TA muscles (Figure 2, C and D).
‘We observed only 1 skeletal muscle whose mass was not reduced in GADD45A-mTg mice, the soleus (Figure
2, C and D). In addition, we investigated in vivo endurance exercise capacity and ex vivo specific force in male
GADD45A-mTg mice, and both endurance exercise capacity and specific force were significantly reduced
relative to control littermates (Figure 2, E and F). We observed similar phenotypes in younger, 8-month-old
male GADD45A-mTg mice, including reduced grip strength; a trend toward reduced specific force (P = 0.06);
reduced weights of TA, quadriceps, and gastrocnemius muscles; and increased weight of the soleus muscle
(Supplemental Figure 2, A-F). Thus, increased GADD45A expression in skeletal muscle reduces the mass
of some limb muscles (quadriceps, TA, gastrocnemius, triceps, and extensor digitorum longus, EDL) and
impairs several aspects of muscle function, including strength, specific force, and endurance exercise capacity.

GADD454 induces selective atrophy of large glycolytic skeletal muscle fibers and increases the size and relative
amount of small skeletal muscle fibers that express MyHC-2A. To begin to investigate the mechanism by which
GADDA45A reduces skeletal muscle mass and function, we performed immunofluorescence microscopy on
skeletal muscles from 15-month-old male GADD45A-mTg mice and male control littermates using antibod-
ies directed against the 4 major myosin heavy chain (MyHC) isoforms in adult mouse muscle. In healthy
mouse muscle, MyHC-slow (a.k.a. MYH?7) is expressed in slow oxidative type I fibers, MyHC-2A (a.k.a.
MYH?2) is expressed in fast oxidative type IIA fibers, MyHC-2X (a.k.a. MYH]1) is expressed in fast interme-
diate oxidative/glycolytic type IIx fibers, and MyHC-2B (a.k.a. MYH4) is expressed in fast glycolytic type
IIB fibers (Figure 3A). In both control mice and GADD45A-mTg mice, the TA and quadriceps were mostly
composed of large fibers that expressed MyHC-2B, and the remaining fibers were smaller and expressed
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Figure 3. Chronic expression of GADD45A in skeletal muscle induces atrophy of large glycolytic MyHC-2B-positive muscle fibers and increases the size and
relative amount of small MyHC-2A-positive muscle fibers. (A) MyHC nomenclature and typical characteristics of skeletal muscle fiber types that contain specific
MyHC isoforms. (B-G) Quadriceps and TA muscles from 15-month-old male littermate control and GADD45A-mTg mice were sectioned and subjected to immuno-
fluorescence microscopy using antibodies targeting laminin (white), MyHC-slow (red), MyHC-2A (yellow), and MyHC-2B (blue). Muscle fibers without MyHC-slow,
MyHC-2A, and MyHC-2B were assigned to the unstained MyHC isoform (MyHC-2X). (B-D) Representative images (B), relative amounts of muscle fibers expressing
MyHC-2B or MyHC-2A (C), and average minimal Feret diameters of muscle fibers expressing MyHC-2B or MyHC-2A (D) in the quadriceps. (E-G) Representative
images (E), relative amounts of muscle fibers expressing MyHC-2B or MyHC-2A (F), and average minimal Feret diameters of muscle fibers expressing MyHC-2B

or MyHC-2A (G) in the TA. (H-)) Soleus muscles from 15-month-old male littermate control and GADD45A-mTg mice were sectioned and subjected to immuno-
fluorescence microscopy using antibodies targeting laminin (white), MyHC-slow (red), MyHC-2A (yellow), and MyHC-2X (blue). Muscle fibers without MyHC-slow,
MyHC-2A, and MyHC-2X were assigned to the unstained MyHC isoform (MyHC-2B). Representative images (H), relative amounts of muscle fibers expressing
MyHC-slow or MyHC-2A (1), and average minimal Feret diameters of muscle fibers expressing MyHC-slow or MyHC-2A (). InC, B, F, G, I, and ), each data point
represents the mean value from 1 muscle, horizontal bars indicate mean values from each group, and P values were determined with unpaired 2-tailed t tests.

either MyHC-2A or MyHC-2X (Figure 3, B, C, E, and F). In the soleus, most muscle fibers expressed either
MyHC-2A or MyHC-slow, and MyHC-2B was not detectable (Figure 3, H and I).

Interestingly, in the TA and quadriceps, whose masses were reduced by GADDA45A expression
(Figure 2, C and D, and Supplemental Figure 2, C and D), GADD45A decreased the size and relative
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percentage of fibers that express MyHC-2B, while increasing the size and relative percentage of fibers that
express MyHC-2A (Figure 3, B-G). We observed similar changes in TA muscles from 8-month-old male
GADD45A-mTg mice (Supplemental Figure 2, G-I). In contrast, in the soleus, whose mass was unaffected
by GADD45A expression (Figure 2, C and D, and Supplemental Figure 2F), GADDA45A did not alter the
relative percentage of MyHC-2A and MyHC-slow fibers. It did not alter the size of MyHC-slow fibers, but
it significantly increased the size of MyHC-2A fibers (Figure 3, H-J). In all 3 of these muscles (TA, quadri-
ceps, and soleus), GADDA45A did not alter the total number of skeletal muscle fibers or elicit any consistent
changes in the number or size of MyHC-2X fibers (not shown). Thus, GADD45A-mediated muscle atrophy
in the TA and quadriceps was due to selective atrophy of large glycolytic fibers. Furthermore, GADD45A
increased the size of small MyHC-2A—positive fibers in the TA, quadriceps, and soleus, and GADD45A
increased the number of MyHC-2A—positive fibers in the TA and quadriceps.

The GADD45A mTg muscles used in this study had an elevated level of skeletal muscle GADD45A
expression for several months, raising the possibility that the observed fiber type—specific changes might be
the result of a slow process that requires chronic GADD45A expression. To test this possibility, we used an
electroporation-based in vivo transfection method to introduce mouse Gadd45a cDNA into the TA muscles
of 8-week-old C57BL/6 mice (6, 26) (Supplemental Figure 3). We then harvested the transfected skeletal
muscles 1 week later for immunohistochemistry with MyHC-specific antibodies. Similar to TA muscles
from GADD45A-mTg mice, 1 week of GADD45A expression in young adult TA muscles induced selec-
tive atrophy of large glycolytic fibers that express MyHC-2B, decreased the number of fibers that express
MyHC-2B, and increased size and number of smaller fibers that express MyHC-2A (Figure 4, A—C). In this
model, and in the GADD45A-mTg model, GADD45A induced some MyHC-2B fibers to become angu-
lar and severely atrophic, suggesting that GADD45A may contribute to a peripheral denervation process.
Furthermore, in the presence of acute GADDA45A expression, hybrid fibers expressing both MyHC-2B and
MyHC-2A were apparent (Figure 4, D and E). These GADD45A -induced hybrid fibers were larger than
MyHC-2B/2A hybrid fibers under control conditions (Figure 4F) and likely represent large glycolytic fibers
transitioning to MyHC-2A expression. Additionally, in the presence of GADD45A, we observed evidence
of hybrid fibers expressing both MyHC-2B and -2X, as well as hybrid fibers expressing both MyHC-2X and
-2A (Supplemental Figure 4), suggesting a possibility that GADD45A may increase MyHC-2A through a
classical sequence of MyHC transition from 2B to 2B/2X to 2X to 2X/2A to 2A (27). We observed similar
findings when we acutely expressed the Gadd45a cDNA used in GADD45A-mTg mice, which contained
N-terminal epitope tags (Supplemental Figure 5).

To determine if acute GADD45A expression might impair muscle function, we transfected Gadd45a
cDNA into EDL muscles, which have a similar fiber type composition as the TA but are small enough to
be amenable to ex vivo analyses of muscle force. We found that 1 week of Gadd45a plasmid expression in
EDL muscles of 10-week-old adult C57BL/6 mice increased the level of Gadd45a mRNA by 6-fold and
significantly decreased specific force, while decreasing the size of muscle fibers that express MyHC-2B and
increasing the number of fibers that express MyHC-2A (Supplemental Figure 6). Collectively, these data
indicate that an acute, short-term increase in GADD45A expression is sufficient to impair muscle function
and induce the fiber type—specific changes observed in GADD45A-mTg muscles.

GADDA454 reduces oxidative capacity in glycolytic and oxidative skeletal muscle fibers. In young, healthy
skeletal muscle, MyHC-2A—positive skeletal muscle fibers (type ITA fibers) are rich in mitochondria and
play an important role in oxidative metabolism and aerobic exercise capacity (27). Conversely, aging and
acute stress conditions that cause muscle atrophy typically impair skeletal muscle mitochondria, oxidative
metabolism, and aerobic exercise capacity (1, 2, 28-33). Based on these considerations, the finding that
GADD45A increased the size and number of MyHC-2A—positive skeletal muscle fibers, while impairing
skeletal muscle mass and function, seemed surprising and paradoxical.

To further investigate this phenomenon, we used tandem mass tag TMT-mass spectrometry to quanti-
fy the levels of 5,206 proteins in the quadriceps of GADD45A-mTg and littermate control mice. Togeth-
er, we identified 727 proteins whose levels were significantly increased by GADD45A expression and 638
proteins whose levels were significantly decreased by GADD45A expression (Figure 5A and Supplemental
Table 1). As expected, and as discussed previously, GADD45A was one of the proteins whose level was
increased in GADD45A-mTg quadriceps (Figure 1, C and E). Consistent with MyHC immunofluorescence
in GADD45A-mTg quadriceps (Figure 3, B-D), we found that GADD45A-mTg quadriceps contained a
decreased level of MyHC-2B and an increased level of MyHC-2A (Figure 5B and Supplemental Table 2).
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Figure 4. Acute expression of GADDA45A in skeletal muscle induces atrophy of large, glycolytic muscle fibers and increases the size and relative amount of
small MyHC-2A-positive muscle fibers. TA muscles of 8-week-old male C57BL/6 mice were transfected with plasmid DNA. One TA per mouse was transfected
with 2.5 mg empty plasmid (control), and the contralateral TA in each mouse was transfected with 2.5 mg plasmid encoding mouse GADD45A. Seven days later,
bilateral TAs were sectioned and subjected to immunofluorescence microscopy using antibodies targeting laminin, MyHC-2B, and MyHC-2A. (A) Representative
images of entire TA muscle. MyHC-2B staining is blue, and MyHC-2A staining is yellow. (B) Relative amounts of muscle fibers expressing MyHC-2B or MyHC-2A.
(€) Average minimal Feret diameters of muscle fibers expressing MyHC-2B or MyHC-2A. (D) Higher magnification images showing laminin staining (white),
MyHC-2B staining (blue), MyHC-2A staining (yellow), and fibers expressing both MyHC-2B and MyHC-2A (green). (E) Relative amounts of muscle fibers express-
ing both MyHC-2B and MyHC-2A. (F) Average minimal Feret diameters of muscle fibers expressing both MyHC-2B and MyHC-2A. In B, C, E, and F, each data point
represents the mean value from 1 muscle, horizontal bars indicate mean values from each group, and P values were determined with paired 2-tailed t tests.

Additionally, by this proteomic analysis, we observed that GADD45A increased the level of MyHC-2X (Fig-
ure 5B and Supplemental Table 2), consistent with the notion that the transition from MyHC-2B to MyHC-2A
expression may proceed through an intermediary step that involves MyHC-2X expression (27). Importantly,
despite the increase in MyHC-2A expression, the levels of most proteins required for oxidative phosphoryla-
tion were strongly decreased. For example, pathway analysis of the proteomic data revealed that the 5 most
strongly repressed cellular processes in GADD45A-mTg muscle were “TCA cycle,” “ATP synthesis,” “pyru-
vate metabolism,” complex I biogenesis,” and “respiratory electron transport chain” (Figure 5C and Supple-
mental Table 3). Consistent with this finding, GADD45A-mTg muscle contained significantly lower levels of
20 enzymes involved in the TCA cycle (Figure 5D), as well as significantly lower levels of 25 proteins from
respiratory complex I, all 4 proteins from respiratory complex II/succinate dehydrogenase, 8 proteins from
respiratory complex III, and 7 proteins from respiratory complex IV (Figure 5E). Together, we quantitated
levels of 776 mitochondrial proteins contained in the mouse MitoCarta 3.0 database, and 244 of these pro-
teins (31%) were significantly decreased in GADD45A-mTg muscles (FDR < 0.05; Supplemental Table 4).
To determine whether a reduction in oxidative capacity might be restricted to certain fiber types, we
performed MyHC-based immunohistochemistry in conjunction with histochemical staining for succinate
dehydrogenase (SDH) activity. As expected, in the quadriceps and TA muscles of control and GADDA45A-
mTg mice, SDH activity was highest in fibers that expressed MyHC-2A and lowest in fibers that expressed
MyHC-2B, with an intermediate amount of SDH activity in fibers that expressed MyHC-2X (Figure 6,
A-D, and Supplemental Figure 7). In all 3 of these fiber types, GADD45A reduced SDH activity, with the
largest reduction occurring in MyHC-2A—positive fibers (Figure 6, A—D, and Supplemental Figure 7C).
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Figure 5. GADD45A reduces levels of numerous proteins that are required for oxidative metabolism in skeletal muscle. Protein from quadriceps
muscles of 15-month-old male littermate control and GADD45A-mTg mice was subjected to TMT labeling and mass spectrometry, followed by
quantification of the relative abundance of 5,206 proteins. Data are from 5 muscles per genotype. (A) Volcano plot showing log, fold-changes of all
identified proteins in GADD45A-mTg muscles relative to levels in control muscles versus statistical significance of those changes. At FDR < 0.05,
levels of 638 proteins were decreased in GADD45A-mTg muscles, and levels of 727 proteins were increased. Complete proteomic data are shown in
Supplemental Table 1. (B) Fractional abundance of MyHC-2B, MyHC-2X, MyHC-2A, and MyHC-slow, calculated from data in Supplemental Table 2.
Each data point represents the value from 1 muscle, and bars indicate mean values. g values were determined with multiple unpaired 2-tailed t tests.
(C) Enrichment plots of the 5 most significantly affected Reactome pathways, based on gene set enrichment analysis (GSEA) of the proteomic data.
All 5 pathways were downregulated with FDR < 10°°. Complete GSEA results are shown in Supplemental Table 3. (D) Schematic illustrating detected
proteins involved in the TCA cycle and effect of GADD45A on levels of those proteins. GADD45A significantly decreased 20 of the 22 detected pro-
teins (FDR < 0.05). (E) Schematic of mitochondrial electron transport chain complexes I, I, 1ll, and IV, with an underlying heatmap showing detected
proteins in those complexes, and the effect of GADD45A on levels of those proteins. Asterisks indicate FDR < 0.05.
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Figure 6. GADD45A reduces oxidative capacity in glycolytic and oxidative skeletal muscle fibers. Quadriceps and TA
muscles from 15-month-old male littermate control and GADD45A-mTg mice were cryosectioned. Muscle cross sections
were stained for succinate dehydrogenase (SDH) activity and then labeled with antibodies targeting MyHC isoforms and
laminin. Cross sections were then imaged by bright-field and fluorescence microscopy to capture SDH activity and immu-
nostaining, respectively. Captured images were then overlaid, and SDH activity and MyHC expression were quantitated
in every fiber in the muscle, in order to determine SDH activity as a function of MyHC expression, as further illustrated in
Supplemental Figure 7. (A) Quantification of MyHC expression versus SDH activity in quadriceps. (B) Representative SDH
and MyHC/laminin stains of quadriceps cross sections from littermate control and GADD45A-mTg mice. (C) Quantifica-
tion of MyHC and laminin expression versus SDH activity in TA. (D) Representative SDH and MyHC/laminin stains of TA
cross sections from littermate control and GADD45A-mTg mice. In A and C, each data point represents the mean value
from 1 muscle, bars indicate mean values from each group, and P values were determined with unpaired 2-tailed t tests.

Similarly, in the soleus, GADDA45A significantly reduced SDH activity in fibers that expressed MyHC-2A,
MyHC-2X, and MyHC-slow (Supplemental Figure 8). Thus, GADD45A reduces oxidative capacity in all
skeletal muscle fiber types.

To test the hypothesis that this reduction in oxidative capacity might occur over a short period, we
transfected Gadd45a cDNA into TA muscles of 8-week-old C57BL/6 mice, then isolated mitochondria 1
week later to quantitate mitochondrial protein and assess maximal mitochondrial oxygen consumption by
high-resolution respirometry. Consistent with findings from GADD45A-mTg muscles, we found that acute
expression of GADDA45A significantly reduced mitochondrial protein content (Figure 7A). In addition,
GADDA45A significantly reduced mitochondrial respiration when normalized to muscle weight (Figure 7B)
and when normalized to the amount of mitochondrial protein (Figure 7C). Moreover, acute expression of
GADD45A reduced histochemical staining for SDH activity (Figure 7, D and E), similar to the effect of
chronic GADD45A expression in GADD45A-mTg muscles. Thus, GADD45A reduces the content and
function of mitochondria in skeletal muscle, consistent with its phenotypic effects on skeletal muscle mass
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Figure 7. GADD45A reduces skeletal muscle oxidative capacity in an MEKK4-dependent manner. TA muscles of 8-week-old male C57BL/6 mice were
transfected with plasmid DNA. (A-E) One TA per mouse was transfected with 2.5 mg empty plasmid (control), and the contralateral TA in each mouse was
transfected with 2.5 mg GADD45A plasmid. (A-C) Seven days posttransfection, mitochondria from bilateral TAs were isolated and used for quantification
of mitochondrial protein (A), mitochondrial respiration normalized to the amount of skeletal muscle (B), and mitochondrial respiration normalized to the
amount of mitochondrial protein (C). (D and E) Seven days posttransfection, bilateral TAs were sectioned and subjected to immunochistochemical analysis
of SDH activity. (D) Quantification of total SDH activity in entire muscle cross sections. (E) Representative images. (F and G) One TA per mouse was trans-
fected with 2.5 mg GADD45A plasmid + 10 mg nontargeting control RNAi plasmid (control), and the contralateral TA in each mouse was transfected with
2.5 mg GADD45A plasmid + 10 mg RNAI plasmid targeting MEKK4. Seven days later, bilateral TAs were sectioned and subjected to immunochistochemical
analysis of SDH activity. (F) Quantification of total SDH activity in entire muscle cross sections. (G) Representative images. (H and 1) One TA per mouse
was transfected with 7.5 mg empty plasmid (control), and the contralateral TA in each mouse was transfected with 7.5 mg plasmid encoding MEKK4AN. (H
and I) Fourteen days posttransfection, bilateral TAs were sectioned and subjected to immunohistochemical analysis of SDH activity. (H) Quantification of
total SDH activity in entire muscle cross sections. (I) Representative images. In A-D, F, and H, each data point represents the value from 1 muscle and bars
indicate mean values. P values were determined with paired 2-tailed t tests. In A-C, **P < 0.01and *P < 0.05.

and function. Furthermore, these data indicate that GADD45A has a capacity to dissociate MyHC-2A
expression from oxidative capacity, leading to a paradoxical increase in MyHC-2A expression despite a
simultaneous decrease in mitochondrial content and activity.

In skeletal muscle fibers, GADDA45A binds and activates the protein kinase MEKK4, and
GADD45A-MEKK4 signaling is critical for GADD45A-mediated muscle fiber atrophy (24). We therefore
hypothesized that MEKK4 might mediate the inhibitory effect of GADD45A on muscle oxidative capacity.
As an initial test of this hypothesis, we used an RNA1 construct that specifically reduces MEKK4 expression
in mouse muscle fibers, leading to an inhibition of GADD45A-mediated muscle fiber atrophy (24). We
coexpressed MEKK4 RNAi with GADDA45A in mouse TA muscle fibers for 1 week, and in each animal,
the contralateral TA muscle fibers coexpressed GADD45A and a nontargeting control RNAi construct.
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Figure 8. A constitutively active MEKK4 construct (MEKK4AN) decreases MyHC-2B, increases MyHC-2A, and decreases mitochondrial proteins in skele-
tal muscle. TA muscles of 8-week-old male C57BL/6 mice were transfected with plasmid DNA. One TA per mouse was transfected with 7.5 mg empty plas-
mid (control), and the contralateral TA in each mouse was transfected with 7.5 mg plasmid encoding MEKK4AN. Seven days posttransfection, bilateral TAs
were harvested, and TA protein was subjected to TMT-mass spectrometry, followed by quantification of the relative abundance of 6,870 proteins. Data

are from 4 muscles per genotype. (A) Quantification of MEKK4 (MAP3K4) protein. Each data point represents the value from 1 muscle, and bars indicate
mean values. Detailed proteomic data are shown in Supplemental Table 5. (B) Fractional abundance of MyHC-2B, MyHC-2X, MyHC-2A, and MyHC-slow, cal-
culated from data in Supplemental Table 6. Each data point represents the value from 1 muscle, and bars indicate mean values. g values were determined
with multiple unpaired 2-tailed t tests. (C) Enrichment plots of Reactome pathways that were strongly repressed by MEKK4AN, based on GSEA of the
proteomic data. All 5 pathways were downregulated with FDR < 10~°. Complete GSEA results are shown in Supplemental Table 7. (D) Schematic illustrating
detected proteins involved in the TCA cycle and effect of MEKK4AN on levels of those proteins. MEKK4AN significantly decreased all the detected proteins
(FDR < 0.05). (E) Schematic of mitochondrial electron transport chain complexes |, I, I1l, and 1V, with an underlying heatmap showing detected proteins in
those complexes, and the effect of MEKK4AN on levels of those proteins. Asterisks indicate FDR < 0.05.
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In muscle fibers expressing GADD45A and the nontargeting control RNAI construct, SDH activity was
low, as expected (Figure 7, F and G). However, MEKK4 RNA!I inhibited this effect of GADDA45A, leading
to preservation of SDH activity (Figure 7, F and G). To determine if MEKK4 activity might be sufficient
to decrease oxidative capacity, we investigated the effect of MEKK4AN, a constitutively active MEKK4
construct that induces skeletal muscle fiber atrophy in a GADD45A-independent manner (24). Similar to
GADD45A, MEKKA4AN reduced SDH activity in skeletal muscle fibers (Figure 7, H and I). These data
indicate that GADD45A reduces skeletal muscle oxidative capacity by activating MEKKA4.

To test the hypothesis that MEKK4 activity may decrease mitochondrial proteins, we expressed MEK-
K4AN in TA muscles of 8-week-old C57BL/6 mice for 1 week, then used TMT-mass spectrometry to
quantify levels of skeletal muscle proteins. Interestingly, MEKK4AN expression (Figure 8A and Supple-
mental Table 5) significantly decreased MyHC-2B and increased MyHC-2A and MyHC-2X (Figure 8B
and Supplemental Table 6), similar to GADDA45A (Figure 5B). In addition, MEKK4AN strongly repressed
mitochondrial pathways and significantly decreased levels of major mitochondrial proteins (Figure 8,
C-E, and Supplemental Table 7), also similar to GADD45A (Figure 5, C-E). Thus, MEKK4 activity can
account for important effects of GADD45A, including a reduction in MyHC-2B, an increase in MyHC-
2A, and strong repression of mitochondrial proteins.

Skeletal muscle GADD45A expression is associated with muscle weakness in humans. We hypothesized that
GADD454 expression may be associated with weakness in humans. As an initial test of this hypothesis,
we quantified maximal leg strength, peak leg power, and GADD454 mRNA levels in the quadriceps mus-
cle (vastus lateralis) in women and men who were either 20 to 35 years old (30 individuals) or 65 to 85
years old (50 individuals). We found that GADD454 mRNA was significantly increased in older human
muscle (Figure 9A), consistent with previous reports (11, 12). Importantly, the level of GADD454 mRNA
was negatively associated with maximal leg strength and peak leg power during dynamic unilateral knee
extension (Figure 9, B-E). We observed similar findings with a smaller independent cohort of 12 young
and 11 older individuals, including increased GADD454 mRNA in older human muscle and a significant
negative correlation of GADD454 mRNA to leg strength (Supplemental Figure 9). In addition, in that
smaller cohort, we assessed mitochondrial function in skeletal muscle, and the level of GADD454 mRNA
tended to be associated with a reduction in state 3 mitochondrial respiration in the vastus lateralis mus-
cles of these individuals (P = 0.11; Supplemental Figure 9). As an additional test of the hypothesis that
GADD454 expression is associated with weakness in humans, we studied 5 women and 3 men (ages 50 to
63 years old) in a model of disuse muscle atrophy. In each participant, one leg was immobilized with a leg
brace for 7 days, and the contralateral leg remained mobile and served as an intra-individual control. We
quantified leg strength and GADD454 mRNA in the quadriceps muscle in both legs at baseline (day 0, prior
to unilateral leg immobilization) and again on day 7 (after unilateral leg immobilization). We found that 1
week of immobilization significantly increased GADD454 mRNA (Figure 9F) and significantly decreased
leg strength (Figure 9G). Furthermore, the induction of GADD454 mRNA was significantly associated
with a reduction in leg strength (Figure 9H). These data, coupled with data from mouse models, suggest
GADDA45A as a potential mediator of weakness in human skeletal muscle.

Discussion

In the current study, we sought to better understand the role of GADDA45A in skeletal muscle atrophy by
investigating cellular and phenotypic consequences of GADDA45A overexpression in skeletal muscle fibers.
The results of this study, coupled with previous findings, suggest a model that is illustrated in Figure 10.
In healthy skeletal muscle, the Gadd45a gene is relatively inactive. However, during conditions that cause
muscle atrophy, the ATF4-C/EBPp heterodimer and other pro-atrophy transcription factors activate the
Gadd45a gene within skeletal muscle fibers (7, 10, 18, 21). This increases the level of GADD45A, a small
globular protein that allosterically activates MEKK4, generating an active MAP kinase kinase kinase com-
plex composed of both MEKK4 and GADD45A (24). Through mechanisms that at least partly involve
MEKK4, GADD45A reduces oxidative capacity in all muscle fiber types and induces selective atrophy
of glycolytic muscle fibers. By inducing these cellular changes, GADD45A decreases the mass of skeletal
muscles that are enriched in glycolytic fibers, and it impairs important aspects of skeletal muscle function,
including strength, specific force, and endurance exercise capacity. Furthermore, as predicted by data from
mouse models, skeletal muscle GADD454 expression is associated with muscle weakness in humans. These
findings suggest GADDA45A as a mediator of skeletal muscle atrophy and weakness in mice and humans.
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Figure 9. Skeletal muscle GADD45A expression is associated with muscle weakness in humans. (A-E) Human participants who were 20 to 35 years old
(young) or 65 to 85 years old (old) volunteered for a study in which GADD45A mRNA levels in the vastus lateralis muscle were assessed by RNA sequencing
and muscle function was assessed by measurement of maximal knee extensor strength and peak power. Each data point represents the value from 1 par-
ticipant. See Supporting Data Values file. (A) GADD45A mRNA levels. (B) Maximal leg strength, assessed via 1 repetition maximum (1 RM) leg extension,

a dynamic movement through a full range of motion of knee extension. (C) Peak leg power production. (A-C) Horizontal bars indicate mean values, and P
values were determined with unpaired 2-tailed t tests. (D and E) Correlation of GADD45A mRNA levels to maximal leg strength (D) and peak leg power (E).
(F-H) Human participants aged 50 to 63 years old volunteered for a study using a model of disuse muscle atrophy. In each participant, one leg was immo-
bilized with a leg brace for 7 days, and the contralateral leg remained mobile and served as an intra-individual control. In both legs, maximal leg strength
and GADD45A mRNA in the vastus lateralis muscle were quantified at baseline (day 0, prior to unilateral leg immobilization) and again on day 7 (after uni-
lateral leg immobilization). Each data point represents the fold change (day 7/day 0) from the mobile or immobile leg, as indicated. (F and G) Fold-change
in GADD45A mRNA levels (F) and maximal leg strength (G). Horizontal bars indicate mean values. P values were determined with paired 2-tailed t tests.
(H) Correlation of GADD45A mRNA to maximal leg strength. (D, E, and H) Pearson’s correlation coefficient and P value were determined with simple linear
regression. RPKM, reads per kilobase million.

A reduction in skeletal muscle oxidative capacity is considered a central cellular mechanism of mus-
cle atrophy and weakness (1, 2, 28-33). The current data indicate that GADD45A/MEKK4 signaling
reduces muscle oxidative capacity, and it does so by decreasing levels of numerous proteins that are critical
for mitochondrial function. The mechanism by which GADD45A/MEKXK4 signaling decreases levels of
mitochondrial proteins is not yet known. In muscle fibers, the GADD45A/MEKK4 complex activates 4
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Figure 10. Schematic illustrating biochemical mechanisms upstream and downstream of GADD45A in skeletal muscle fibers and their cellular and
phenotypic effects. The NMR structure of GADD45A was identified in ref. 45.

downstream MAP kinase kinases (MKK3, MKK4, MKK6, and MKK?7), leading to activation of p38 MAP
kinase (24). However, because MKK/p38 signaling promotes mitochondrial biogenesis in skeletal muscle
(34, 35), it seems likely that other GADD45A/MEKK4 targets are involved. Indeed, unbiased protein
purification studies have identified several proteins that directly and specifically interact with GADD45A in
mouse muscle fibers in vivo, including not just MEKK4 but also 10 other protein kinases (RAF-1, A-RAF,
JAK1, ILK, RSK2, SPEG, MSK1, MSK2, RIOK3, and RIPK3) and 3 protein tyrosine phosphatases
(ACP1, PTP-1B, and SHP-1) (24). Additional GADD45A and MEKK4 targets may also remain to be dis-
covered. In future investigations, it will be important to obtain a more detailed understanding of biochemi-
cal mechanisms downstream of GADD45A and how those mechanisms reduce synthesis and/or increase
degradation of mitochondrial proteins in skeletal muscle.

In addition to its effect on mitochondrial proteins and oxidative capacity, GADD45A generates a sec-
ond cellular change that is often observed in muscle atrophy: selective atrophy of fast glycolytic skeletal
muscle fibers (1, 36—41). Atrophy of fast glycolytic fibers explains how GADD45A decreases the mass of
muscles that are enriched in fast glycolytic fibers (quadriceps, TA, gastrocnemius, and triceps) but does
not induce atrophy of the soleus muscle, which is largely devoid of fast glycolytic fibers. It also raises
the question of how selective muscle fiber atrophy can occur. One possibility is that fast glycolytic fibers
are more sensitive to impairments in mitochondrial function, given their lower baseline content of mito-
chondria. Another possibility is that glycolytic fibers may uniquely possess other factors that are essen-
tial for GADDA45A-mediated muscle fiber atrophy, such as MEKK4, certain GADD45A/MEKK4 targets
(MKK3, MKK4, MKK6, MKK7, or specific p38 isoforms), other known GADDA45A-interacting proteins
(e.g., RAF-1, A-RAF, JAK], ILK, RSK2, SPEG, MSK1, MSK2, RIOK3, RIPK3, ACP1, PTP-1B, SHP-1,
etc.), or other pro-atrophy signaling pathways that have not yet been linked to GADD45A signaling. As one
example, NF-«B signaling in skeletal muscle fibers generates a similar pattern of atrophy as GADD45A
signaling, with selective atrophy of glycolytic muscles and preservation of the soleus (42). Although the
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downstream biochemical mechanisms are not yet well understood, the current data identify GADD45A as
a molecular mediator of both mitochondrial dysfunction and selective atrophy of glycolytic muscle fibers,
2 important cellular mechanisms of skeletal muscle atrophy and weakness.

Interestingly, GADD45A also induces a third cellular change that is often observed in skeletal muscle
atrophy: a striking dissociation between actual oxidative capacity and expression of MyHC isoforms that,
in healthy skeletal muscle, are characteristic of oxidative muscle fibers (1, 27, 28, 36, 43). This is most
clearly observed with MyHC-2A expression, which is restricted to small, oxidative type ILA muscle fibers
in healthy muscle. By decreasing levels of numerous proteins that are critical for mitochondrial function,
GADD45A decreases oxidative capacity in most if not all muscle fibers. GADD45A also induces selective
atrophy of glycolytic muscle fibers, a process that involves increased turnover of MyHC-2B. However, as
GADDA45A induces atrophy of glycolytic fibers, some of those fibers begin to express MyHC-2A, despite
reduced oxidative capacity. Thus, GADD45A has a capacity to dissociate mitochondrial function from
oxidative MyHC expression, a paradoxical phenomenon that is often observed in natural forms of skeletal
muscle atrophy that are associated with increased GADD45A expression. How GADD45A generates a
disconnect between mitochondrial function and oxidative myosin heavy chain expression is not yet known
but may involve calcineurin, which is known to stimulate MyHC-2A expression (27) and was significantly
increased in the quadriceps of GADD45A mTg muscles (Supplemental Table 1). The use of whole quad-
riceps muscles in our proteomic analyses precludes us from determining whether calcineurin and MyHC-
2A increased within the same cells. Additional studies will be required to understand the downstream
mechanism of MyHC-2A expression in atrophying glycolytic muscle fibers, but the current study identifies
GADDA45A as a molecular mediator of this effect.

By stimulating MyHC-2A expression in glycolytic fibers that are undergoing atrophy, GADD45A
increases the number of fibers that express MyHC-2A and decreases the number of fibers that express
MyHC-2B. In addition, GADD45A unexpectedly increases the size of fibers that express MyHC-2A. Larg-
er MyHC-2A fibers in the quadriceps and TA can perhaps be partly explained by induction of MyHC-2A
expression in glycolytic fibers that are atrophic but still larger than bona fide type IIA fibers. However, this
explanation alone is insufficient, because GADDA45A also increases the size of MyHC-2A fibers in the
soleus, which suggests hypertrophy of bona fide type IIA fibers. Importantly, because type IIA fibers are
small, comprise a relatively small portion of large muscles, and only slightly increase in size in the pres-
ence of GADD45A, the effect of GADD45A on type IIA fiber size has minimal effect on muscle mass.
Nevertheless, this phenomenon is interesting and illustrates the cellular complexity of muscle atrophy,
the limitations of traditional fiber typing methods, especially during muscle atrophy, and the lack of cor-
relation between changes in oxidative capacity (which is decreased by GADDA45A in fibers that express
MyHC-2B, MyHC-2A, MyHC-2X, or MyHC-slow) and changes in muscle fiber size (which is decreased
by GADDA45A in fibers that express MyHC-2B, increased by GADD45A in fibers that express MyHC-2A,
and unaffected by GADDA45A in fibers that express MyHC-2X or MyHC-slow).

The cellular changes induced by GADDA45A ultimately lead to several phenotypes, including atrophy
of skeletal muscles that are enriched in glycolytic fibers and impairments in strength, specific force, and
endurance exercise capacity. However, it is also important to emphasize that the phenotypes observed in
GADD45A-mTg mice are mild relative to natural skeletal muscle atrophy in its most advanced and severe
stage, even though GADD45A-mTg muscles contain a level of Gadd45a expression comparable to the most
severe natural forms of muscle atrophy. This finding reflects the molecular complexity of skeletal muscle
atrophy, which involves a multitude of molecular mediators and signaling pathways, including not just
GADD45A but also other ATF4-C/EBPp gene targets and many other mediators and pathways that operate
in parallel to the ATF4-C/EBPB/GADDA45A pathway (1-4). A long-term challenge for the field is to reach
an integrated and comprehensive understanding of the molecular mechanisms of muscle atrophy, including
how the various molecular mediators and signaling pathways interact to generate all the cellular and phe-
notypic features of skeletal muscle atrophy. That larger understanding will require, among other things, an
understanding of how each molecular mediator can contribute to muscle atrophy and weakness in various
conditions that cause muscle atrophy. At a high level, the current data strongly suggest that induction of
Gadd45a gene expression in muscle fibers could contribute to the overall process of muscle atrophy and
weakness during a wide range of conditions (i.e., conditions associated with increased GADDA45A expres-
sion), but GADD45A cannot by itself explain the entire disease process, consistent with the well-established
existence of GADD45A-independent mechanisms, which also, like GADD45A, play contributory roles.
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We believe the results of this study are interesting and important, but the study also has some limita-
tions. First, as discussed above, the biochemical mechanisms downstream of GADD45A are incomplete-
ly understood, particularly across various muscle fiber types. Second, we intended that our GADD45A-
mTg mice would be amenable to inducible control of GADD45A expression, but they were not, due to
unexpected tamoxifen-independent activity of the HSA-MCM transgene. Although this limitation of the
GADDA45A-mTg model was partly overcome by complementary experiments that introduced GADD45A
into TA muscle fibers of young adult C57BL/6 mice, the muscle transfection method is not 100% efficient
and likely underestimates the full impact of GADD45A. Thus, additional efforts to generate inducible,
skeletal muscle—specific GADD45A-transgenic mouse models would be warranted in the future, in order to
better understand the phenotypic consequences of an acute increase in GADD45A expression in multiple
muscle types and at multiple ages. In addition, because the level of Gadd45a mRNA in the GADD45A
mTg model is in the range observed in conditions such as critical illness and muscle denervation, but much
higher than observed in more mild stress conditions, such as immobilization, fasting, and aging, it would be
helpful in the future to have models where GADDA45A expression can be finely controlled and adjusted to
match the levels of GADDA45A expression that occur across natural atrophy conditions.

A third limitation of the current study is that, although it begins to extend the work from mouse models
to humans, more comprehensive human investigations will be needed in the future to better understand
the relationship of skeletal muscle GADDA45A expression to clinically important outcomes during aging
and other prevalent causes of muscle atrophy, such as critical illness, uncontrolled diabetes, cancer, renal
failure, heart failure, chronic pulmonary disease, weight loss medications and surgeries, Cushing syndrome,
chronic infections such as HIV/AIDS, osteoarthritis and other orthopedic conditions, rheumatoid arthritis
and other systemic autoimmune conditions, and spinal cord injury. It is also important to recognize that
each assessment of muscle function has certain limitations. For example, voluntary assessments of strength
in humans or mice reflect not just the contractile properties of muscle but also other factors, including but
not limited to motor unit recruitment pattern, muscle fiber architecture, fiber type distributions, periph-
eral excitation, and completeness of activation by the central nervous system. As another example, ex
vivo assessments of specific force rely upon certain assumptions, including specific relationships between
muscle length and fiber length, and between muscle cross-sectional area and muscle weight, that may
not be entirely true during muscle atrophy. Thus, to best understand the relationship of skeletal muscle
GADDA45A expression to clinically meaningful outcomes, it will continue to be important to use a variety
of complementary assays in both humans and mouse models.

Another limitation of the current study is that it demonstrates that GADD45A expression in muscle
fibers is sufficient to induce several cellular and phenotypic changes that are characteristic of muscle atro-
phy, but it does not determine whether GADD45A is necessary for these effects. Previous studies have
shown that acute RNAi-mediated knockdown of GADDA45A reduces muscle fiber atrophy in the TA during
fasting, limb immobilization, muscle denervation, and ATF4 overexpression (7). And yet, studies have also
shown that gastrocnemius and soleus muscles of Gadd45a-knockout mice are not resistant to denerva-
tion-induced skeletal muscle atrophy (23). The previous finding that soleus muscles of Gadd45a-knockout
mice are not resistant to denervation-induced atrophy can be explained by the current data that GADD45A
does not induce atrophy in the soleus. However, it is not yet clear why RNAi-mediated knockdown of
GADDA45A reduces denervation-induced atrophy in the TA, but Gadd45a gene deletion does not reduce
denervation-induced atrophy in the gastrocnemius. Some possible explanations include inherent differ-
ences in the TA and gastrocnemius muscles and/or technical differences between acute RNAi-mediated
knockdown and lifelong gene deletion methods, which may generate different off-target consequences and
compensatory changes. It is also important to note that the molecular mechanisms of muscle fiber atrophy
can vary based on the underlying cause of muscle atrophy and on the severity and duration of that stress,
and every known molecular mediator of muscle atrophy has been dissociated from the pathogenesis of
muscle atrophy caused by at least one atrophy-inducing condition (10). In some cases, mechanisms are
dissociated because they do not occur during a particular atrophy-inducing condition, and in other cases,
mechanisms do occur, but they are nonessential for muscle atrophy in that specific context, due to redun-
dancy or due to the acquisition of new roles or functions in that specific context (10). Thus, additional
studies are still needed to better understand the degree to which GADDA45A is required for muscle atrophy
in contexts that have been investigated to some extent (e.g., muscle denervation, limb immobilization) and
in other clinically important contexts (e.g., advanced age, critical illness, diabetes, cancer, renal failure,
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heart failure, chronic pulmonary disease, spinal cord injury, weight loss medications and surgeries, Cushing
syndrome, chronic infections).

In summary, the current study identifies GADD45A as a molecular mediator of muscle weakness,
reduced specific force, impaired exercise capacity, and several cellular changes that often occur during mus-
cle atrophy, including loss of skeletal muscle mitochondria, selective atrophy of glycolytic fibers, and para-
doxical expression of oxidative MyHCs in the face of mitochondrial loss. These results provide potentially
important insights into the pathogenesis of skeletal muscle atrophy, a complex and debilitating condition
that affects hundreds of millions of people around the world.

Methods

Mouse strains and animal care. HSA-Lox-S TOP-Lox-Gadd45a mice were generated at Cyagen and contained a trans-
gene with the skeletal muscle—specific promoter (human ACTAI [HSA] promoter), a Lox-STOP-Lox cassette, and
an epitope-tagged mouse Gadd45a cDNA inserted into the mouse ROSA26 locus. GADD45A-mTg mice were
generated by crossing homozygous HSA-Lox-STOP-Lox-Gadd45a mice to heterozygous HSA-MerCreMer mice,
which express a tamoxifen-inducible Cre recombinase construct (MerCreMer) under control of the HSA pro-
moter (25). HSA-MerCreMer mice were obtained from The Jackson Laboratory (strain 025750). Control mice in
the GADD45A-mTg experiments were littermates who possessed the HSA-Lox-STOP-Lox-Gadd45a transgene
but no HSA-MerCreMer transgene. All genetically modified mice (HSA-Lox-STOP-Lox-Gadd45a, HSA-MerCreMer,
and progeny) were backcrossed at least 5 times into the C57BL/6J background. Male C57BL/6 mice were
obtained from Charles River Laboratories at 6-10 weeks of age and used for experiments within 2 weeks of
their arrival. All animals were housed in colony cages at 21°C with 12-hour light/12-hour dark cycles and
with ad libitum access to standard chow and water throughout the study. Standard chow was Harlan Teklad
formula 7013 at the University of Iowa and PicoLab Rodent 5053 at Mayo Clinic. Euthanasia methods
were approved by the Panel on Euthanasia of the American Veterinary Medical Association. Animals were
euthanized by CO, exposure (flow rate of 4 L/min) until breathing stopped for a period of 1 minute, and
euthanasia was confirmed by decapitation.

Analyses of mouse strength, exercise capacity, and specific force. Forelimb grip strength was determined with
a grip strength meter equipped with a triangular pull bar (Columbus Instruments), as described previously
(44). Endurance exercise capacity on an accelerating motor-driven open treadmill with a shock grid (Colum-
bus Instruments) was determined as described previously (44); briefly, mice were acclimated to running for
2 days (5 min/d with treadmill speed 5 m/min and treadmill incline at 0%), and then endurance exercise
capacity was determined the following day by setting the treadmill incline at 10%, setting the shock grid at
0.2 mA, and treadmill speed at 5 m/min for the first 5 minutes, and increasing treadmill speed by 2 m/min
every 2 minutes thereafter. Running was terminated when mice contacted the shock grid for 10 seconds. Ex
vivo muscle force generation was determined using an Aurora Scientific 1200A Intact Muscle Test System to
determine maximal and specific tetanic force in isolated EDL muscles, as described previously (44).

Plasmids. GADDA45A plasmid encodes mouse Gadd45a under the control of the CMV promoter in the
pcDNA3.1(+) vector. Epitope-tagged GADD45A plasmid has been described previously (24) and is identical
to the GADD45A plasmid except for the presence of 3 FLAG epitope tags and 2 S-Tags at the N-terminus
of GADD45A. The MEKK4AN plasmid has been described previously (24) and encodes a start methionine
followed by amino acids 1,051-1,597 of mouse MEKK4/MAP3K4 followed by 3 copies of the FLAG epi-
tope tag at the C-terminus, under control of the CMV promoter. The control RNAi plasmid was described
previously (7) and encodes emerald green fluorescent protein (EmGFP) and a nontargeting pre-miRNA
under bicistronic control of the CMV promoter in the pcDNA6.2GW/EmGFP-miR plasmid (Invitrogen).
The MEKK4 RNAI plasmid encodes EmGFP and an artificial pre-miRNA targeting mouse MEKK4/Map3k4
under bicistronic control of the CMV promoter (24).

Mouse skeletal muscle transfection. Mice were anesthetized with 91 mg/kg ketamine and 9.1 mg/kg xyla-
zine, and then the hind limbs were shaved. TA or EDL muscles were then injected with 30 pL of 0.4 U/pL
bovine placental hyaluronidase (MilliporeSigma, catalog H4272) resuspended in sterile 0.9% saline using
a 30-gauge needle. Two hours later, mice were reanesthetized, and muscles were injected with 30 puL of
endotoxin-free plasmid DNA in sterile saline, coated with ultrasound jelly, and then subjected to three 50
ms pulses of 100 V with a 1-second pulse interval using an ECM-830 electroporator (BTX Harvard Appa-
ratus). Following transfection, mice were returned to their cages to resume normal activities for 7-14 days
before euthanasia and analyses of transfected muscles.
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Statistics. Unless otherwise noted, statistical analyses were performed with GraphPad Prism using sta-
tistical tests described in the figure legends. All ¢ tests were 2-tailed. P values, ¢ values, and FDR values less
than 0.05 were considered significant.

Study approval. All animal procedures were approved by the Institutional Animal Care and Use Com-
mittees of the University of Iowa and Mayo Clinic. All human participants provided written informed
consent, and all human study procedures conformed to the principles of the Declaration of Helsinki and
were approved by the Mayo Foundation Institutional Review Board (Rochester, Minnesota, USA) or the
University of Texas Medical Branch Institutional Review Board (Galveston, Texas, USA). The human
studies were registered under Clinical Trial Numbers NCT03350906, NCT04151901, and NCT02103842.

Data availability. Values for all data points in the figures and supplemental figures are available in the
Supporting Data Values file in the supplement. All other data are available in supplemental tables in the
supplement.

Additional methods used in this study may be found in the Supplemental Methods section.
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